Processing and managing radioactive waste is a great challenge worldwide as it is extremely difficult and costly; the radioactive species, cations or anions, leaked into the environment are a serious threat to the health of present and future generations. We report layered potassium niobate (K 4 Nb 6 O 17 ) nanolamina as adsorbent to remove toxic Sr
, and synthetic inorganic materials, such as synthetic c-zirconium phosphate 1 , micas 2, 4 , niobate molecular sieves 5, 6 and titanate nanomaterials [9] [10] [11] [12] [13] [14] [15] [16] , have been extensively studied for this purpose. It is important for the ion exchangers to possess high exchange capacity, possible selectivity and specificity, and good resistant to radiation. More importantly, a metastable structure like layered or tunnel, which may collapse after ion exchange and then assures the toxic ions are permanently trapped, is definitely desirable [11] [12] [13] [14] [15] [16] . This assures that the adsorbed radioactive species could not be released from the adsorbents, and thus avoids secondary pollution.
In the present work, K 4 Nb 6 O 17 nanolamina was synthesized by a wet chemical reaction between niobium oxide and alkali hydroxides under hydrothermal conditions. K 4 Nb 6 O 17 has a typical layered perovskite-like structure that is composed of twisted NbO 6 octahedral units [17] [18] [19] . As shown in Scheme S1, the NbO 6 octahedral form layers that carry negative electrical charges by sharing edges or corners. These layers stack along b axis direction and exchangeable K 1 cations are filled in the interlayers to compensate for the negative charges of the NbO 6 sheets. The unit cell of K 4 Nb 6 O 17 contains four layers and two types of interlayer regions, denoted by interlayer I and interlayer II 20, 21 . The cation exchange capacity (CEC) for bivalent and univalent cations of K 4 Nb 6 O 17 is 2.03 and 4.06 mmol/g, respectively. This CEC value is relatively higher than the ones belonging to the conventional inorganic ion exchangers such as layered clays, zeolites, and c-ZrP, which have CEC values in a range between 0.4 and 1.6 mmol/g [1] [2] [3] [4] . The K 4 Nb 6 O 17 nanolamina was used as adsorbent to trap Sr 21 , Ra 21 and Cs 1 from aqueous solution. It was found that the K 4 Nb 6 O 17 nanolamina exhibited high adsorption capacity, selectivity, and fast kinetics, which indicates that it is a high potential candidate as highly efficient adsorbent for radioactive cations. 
SUBJECT AREAS: MATERIALS SCIENCE ENVIRONMENTAL SCIENCES
Given the high toxicity of radioactive isotopes, we used aqueous solutions of non-radioactive ions, i.e., Cs 1 and Sr 21 in our sorption experiments instead. Non-radioactive Ba 21 cations can be used to simulate the adsorption behavior of Ra 21 ions due to a similar ionic diameter to radioactive Ra 21 ions and similar ion exchange behavior 22 . As presented in Figure 1a , the adsorption isotherms approach a plateau that is the experimental saturated adsorption capacity. For the adsorption of divalent Sr 21 and Ba 21 ions, the saturated capacities are ,1.78 and ,1.50 mmol/g, respectively. Apparently, the saturation capacities of Sr 21 21 and Ba 21 ions was observed by field emission scanning electron microscopy (FESEM). The composition of the samples was determined by energy-dispersive X-ray spectroscopy (EDS) attached on the same microscopy. As shown in Figure 2 , the K 4 Nb 6 O 17 nanolamina is composed of two-dimensional niobate sheets with a parallel layered structure. After ion exchange with Cs 1 , Sr 21 and Ba 21 ions, the K 4 Nb 6 O 17 nanolamina maintains the laminar morphology. The laminar morphology possesses very important advantages for application in removal of toxic ions from water. For instance, laminar adsorbents can readily be dispersed into a solution and are easily accessed by the toxic cations. This property is able to enhance the kinetic of the sorption process. As shown in Fig. 1b , using adsorption time as the horizontal axis, we plotted the kinetic curves of Cs 1 , Sr 21 and Ba 21 ions adsorption. Obviously, all three toxic cations can reach sorption equilibrium within the first 5 hours and over 50% of equilibrium amount of adsorbed Sr 21 and Ba 21 ions were taken up within 1 hour. Compared with traditional ion exchangers, for example, c-ZrP and synthetic clays [1] [2] [3] [4] , the K 4 Nb 6 O 17 nanolamina is more efficient, in terms of adsorption kinetics, for the removal of radioactive cations from contaminated water. Additionally, the adsorbed Cs 1 , Sr 21 and Ba 21 ions have been verified by the EDS spectra (insets in Figure 2 ). The signal of remained K 1 ions in Cs 1 exchanged sample is much higher than those of the Sr 21 and Ba 21 exchanged nanolaminas. This is in good agreement with the adsorption data shown in Figure 1a .
To explain the incomplete ion exchange, we compared the XRD patterns of the K 4 Nb 6 O 17 nanolamina before and after ion exchange (see Figure 3a) . The main difference among the XRD patterns of the K 4 Nb 6 O 17 nanolamina before and after adsorption of Cs 1 , Sr 21 and Ba 21 ions is the shift of the first diffraction peak positioned at 8.56u which is assigned to (040) plane of K 4 Nb 6 O 17 . As shown in Figure 3b , the d 040 spacing is the interlayer spacing of K 4 Nb 6 O 17 nanolamina. For instance, the pristine K 4 Nb 6 O 17 nanolamina possesses a d 040 spacing of 1.034 nm and it decreases to 0.956 nm when 87% of exchange sites in the nanolamina are occupied by Sr 21 ions, and decreases to 0.964 nm when the Ba 21 ion absorption is equivalent to 74% of the theoretical capacity. However, the d 040 spacing only slightly decreases to 1.006 nm after reached Cs 1 adsorption equilibrium, since only 31% of exchange K 1 ions in the nanolamina are occupied by Cs 1 ions. The considerable deformation of the interlayer spacing indicates substantial structural changes of the nanolamina, which prevent further uptake of the toxic cations and is responsible for the incomplete exchange. This result is similar to the situation of titanate nanoadsorbents [11] [12] [13] [14] [15] [16] and synthetic micas 2, 4 . The collapse of the interlayer spacing by about 0.078, 0.070, and 0.028 nm for Sr 21 , Ba 21 , and Cs 1 , respectively, can be explained dehydration of the adsorbed cations owing to the extremely high charge density of the layers coupled with the relatively low hydration energy of the radioactive cations [23] [24] [25] [26] . Just as the toxic cations cannot enter the structure after initial ion exchange, the toxic cations that entered the K 4 , and Ba 21 ions were also analyzed by high resolution transmission electron microscopy (HRTEM), and the analysis provides evidence of the structural deformation caused by cations sorption. ions. This result is in good agreement with those of the XRD patterns where the diffraction peak of (002) plane shifts to lower angel after adsorption of Ba 21 ions (see Figure 3a) . The structural changes also lead to the desirable outcome that the toxic cations are trapped in the interlayer space permanently and safely for subsequently disposal. To verify the permanent trapping of the toxic cations in K 4 Nb 6 O 17 nanolamina, the adsorbent with equilibrium amount of Cs 1 , Sr 21 and Ba 21 ions were separated by centrifugation, washed with a small amount of water and then dispersed in water again. After stirring the suspension for 48 h, we measured the toxic ions concentration of the solution by atomic adsorption spectroscopy (AAS). As expected, only a small amount of target cations were released to the solution, that is, 3 Figure S1 . It can be seen that the K 4 Nb 6 O 17 nanolamina can stay ion exchangeable in a light acidic environment. Even when the pH value equals to 1, the adsorbent can still keep half of its equilibrium capacity to adsorb Sr 21 and can be separated from water by low-costly filtration, sedimentation or centrifugation. In summary, the K 3 , the pH value of the mixtures were kept in the range of 6 to 7. After the sorption experiments the solid and liquid phase were separated by centrifugation for further characterizations.
Characterization. The surface morphology and composition of the K 4 Nb 6 O 17 nanolaminas were obtained on a scanning electron microscope (SEM; Hitachi, S-4800 with an accelerating voltage of 5 kV) and energy-dispersive X-ray spectroscopy (EDX) attached to the used SEM. High-resolution transmission electron microscopy (HRTEM) images were taken on a JEOL JEM-2100F field emission electron microscope under an accelerating voltage of 200 kV. The crystallized phases were identified by powder X-ray diffraction (XRD) analysis using an X-ray diffractometer (DX-2700, China) with Ni-filtered Cu Ka radiation (l 5 1.5406 Å ) at 40 kV and 30 mA with a fixed slit. The concentrations of the toxic cations were determined by atomic adsorption spectroscopy (AAS, TAS 990, China).
